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Electric current as a driving force for 
interphase growth in Spark Plasma 
Sintered dielectric composites
• Motivations
• Ferroelectric materials : contribution of Spark Plasma 
Sintering – Thermal and pressure effects
• Electrical current effects and Interface control : 





Designing ferroelectric materials for electronic applications
Resonators, tunable filters
 moderate permittivity,
tunability ε = f(E)
















 Adapt the permittivity values, thermal stability, tunability (E)













 Search for new dielectric 
materials:
Colossal permittivity (> 104)
Thermal and frequency stability 
Low dielectric loss
Key role of interfaces 
The properties of ferroelectric based-ceramics (Tc, permittivity, losses, conductivity) are related 
to their crystal structure, chemical composition, defects chemistry and nano/microstructure.






















Post Annealing in air 800 -1100°C  
eliminate presence of residual
graphite and reduction effects
(oxygen vacancies associated
with Ti4+ reduction into Ti3+
• Motivations
• Ferroelectric materials : contribution of Spark Plasma 
Sintering – Thermal and pressure effects
• Electrical current effects and Interface control : 






Thermal and Pressure effects
Contribution of SPS in the field of ferroelectric ceramics:




 broadening of the transition
 ↘ Ɛ - ↘ losses
R. Berthelot et al. J. Mater. Chem. C (2014) 2, 683
1100°C - 3’- 50MPa
BaSrTiO3
F. Maglia et al. J. Eur. Ceram. Soc. 33 (2013) 1045
G.Philippot et al. Adv. Elect. Mat. 1 (2015) 1500190
750°C - 2’ - Air
Pressure at the grain scale is high enough to compete with 
the surface stress arising from nanometer grain size
Increase of the lattice distortion
Thermal and Pressure effects
Contribution of SPS in the field of ferroelectric ceramics:




→ MgO: ↘ ε’ and tanδ
→ Tunability :Electric field 
redistribution
BaSrTiO3/ MgO
R. Epherre et al. Scripta Materialia, 110 (2016) 82
J. Lesseur et al. J. Eur. Ceram. Soc. 35 (2015) 337

SPS and giant permittivity ceramics: MLCC, High-energy-density storage, …
1100°C
tg δ = 5%
Giant permittivity related to accumulation of charges at interfaces
thermally activated carrier hopping associated with defect states
S.Guillemet et al.,Adv. Mater., 20, 551–555 (2008)
H.Han et al ,J. Appl. Phys. 113, 024102 (2013)
R.A De souza et al, Phys.Chem.Chem.Phys. 16, 2568 (2014)
Ba0.95La0.05TiO3
Silica coating : dielectric and  re-oxydation
barrier ⇒ Stable reduction Ti4+/ Ti3
U.C.Chung et al. Appl. Phys.  Lett. , 94, 072903, (2009)
A. Artemenko et al. Appl.Phys.Lett. 97, 132901 (2010) J. Li et al. Scientific Reports 5 : 8295, 1 (2015)
(Nb + In) co-doped TiO2
Colossal permittivity :space charges at GB
↘GB resistivity : weak blocking effect
BaTiO3@SiO2
• Motivations
• Ferroelectric materials : contribution of Spark Plasma 
Sintering – Thermal and pressure effects
• Electrical current effects and Interface control : 





Current effects in insulating oxides ? 
Electrical current effects and Interface control
J. Gurt Santanach, et al.,  J. Eur. Ceram. Soc. 31, 2247 (2011).
(12:2)
(2:6)
Sintering of reactive alumina–hematite
solid solutions
 thickness of the composite layer 
depends on pulse sequence
Giant Permittivity in all-oxide










Multilayers intermetallic systems: Current
and/or temperature effects on the growth
of interphases
U. Anselmi-Tamburini, J. E. Garay and Z. A. Munir, Mater. Sci. and 
Eng. A, 407, 24-30 (2005). ; J.E. Garay, U. Anselmi-Tamburini, Z.A. 
Munir, Acta mat. 51, 2247 (2011); R. Raj, M. Cologna, J.S.C. 
Francis, J. Am. Ceram. Soc. 94 (2011) 1941Z. Trzaska and J. P. 







and associated Ti3+ localized
in TiO2 layer 
Re-oxidation
Step:






Oxygen deficient Barium Titanate Hollandite type interphase
Rich Ti interphase  Diffusion of Ba into TiO2
Compositions obtained under highly reducing atmosphere
(gradient of composition expected depending on thickness)





























Current effect on reactivity





I + II. Current + temp.









Ea ↘ in thinner interphase (composition gradients - charges mobility)
Conductivity barrier in thick and stable interphase 
Linking dielectric relaxation to the 
thickness of interphase
in BST/TiO2 bilayers
M. Albino et al. J. Am. Ceram. Soc. Rapid Comm. 99 (2016) 406
 of dielectric losses
for thin interphase




(800°C -10h)  impacts strongly
the dielectric properties
Ba1.14-1.33Ti8O16-δ










Increasing the number of interfaces
T 
1200°C 1400°C
BST-TiO2 random 3D mixing after SPS sintering
 Hard spherical TiO2: isolated conductive particles in a high 
permittivity insulating matrix  
12
(*) Same
interphase than in 













 dielectric properties tuned
through re-oxidation steps
calcination 800°C - Air 
Dielectric properties















Tunability of dielectric properties:




- Coexistence of Ferroelectricity and giant permittivity
- Low temperature dielectric relaxation
- Stabilization of charged defects in SPS ceramics (located at interface or within the matrix)
□ Nature of the dielectric oxide (interdiffusion; reduction ability)
□ Composite architecture (bi-layers, multilayer, inclusions)
□ SPS  T :impact on reduction state (Ti4+/Ti3+)
T + Electric current : impact on interphase growth rate
□ Re-oxidation steps
